The pairing of selection and screening methods with randomly mutated libraries can be an exceptionally powerful means for probing the functions of biological molecules and for developing novel regents from random libraries of peptides and oligonucleotides. The use of such approaches is beginning to permeate the ion channel field where they are being deployed to uncover fundamental aspects about ion channel structure and gating, small molecule-channel interactions, and the development of novel agents to control channel activity.
Introduction
Brains, hearts, senses, and muscles all run on bioelectrical signals that race along cell membranes on the millisecond timescale. To make these exceptionally rapid signals, cells rely on the activity of a large, diverse set of transmembrane macromolecular complexes known as ion channels.
The hydrophobic nature of the cell membrane presents a significant barrier to the passage of charged particles such as ions. Cells expend a great deal of their ATP resources to drive a variety of pumps that establish asymmetric ion gradients across their cell membranes. When ion channel proteins open, energy stored in these ionic gradients is released as the ions flow down their electrochemical gradients and across cell membranes. 1 This rapid transport of ions, catalyzed by ion channel proteins, is the fundamental process that creates the electrical signals that underlie the normal functioning of our cardiovascular and nervous systems. Without such activity, there would be no thoughts, no racing heart at the sight of a loved one, no feeling of pain, and no warm embraces. Further, ion channel misfunction is linked to an ever-growing range of human diseases including arrhythmias, migraine, diabetes, and movement disorders. 2, 3 Consequently, there is a great interest both in understanding the molecular basis for how channels work and in the development of new reagents that can control their functions.
Because ion channels are membrane proteins, the use of high-resolution biophysical techniques to elaborate the molecular architectures that underlie channel function remains very challenging. 4 Thus, there has been a great deal of effort focused on other types of approaches that can enlighten the connections between ion channel molecules and their activities. In this regard, genetic methods constitute an exceedingly powerful means for querying biological systems and for establishing insights into how macromolecules function. One of the biggest strengths of genetic approaches is that they offer an assumption-free method in which a system can be probed to identify functional alterations that are rooted in mutational changes in specific macromolecules. Classical genetic studies in which functional defects in both multicellular and unicellular organisms were traced to ion channel gene mutations have played a large role in ion channel studies. These investigations have determined the identities of founding members of many important ion channel families, such as voltage-gated potassium channels, [5] [6] [7] sensory transduction TRP channels, [8] [9] [10] and centrally important proteins involved in channel regulation. 11, 12 Over the past ten years or so, a different sort of channel-focused genetics has been emerging, one that starts not with an investigation of a physiological process but with a molecule. This approach is typically termed 'reverse genetics'. Rather than look for mutant genes in an organism to identify a specific channel that is key to some process, researchers have established a number of heterologous expression systems in which large numbers of mutant channels can be assayed directly for new or altered properties. The experimental advantage of such gene-based methods is that none require purification of the protein of interest. Thus, all of the power of molecular biology and molecular evolution methods can be brought to bear on discovery-oriented selections and screens that when paired with electrophysiological analysis lead to deep molecular insight into the mechanisms of ion channel function.
Basic considerations
Genetic systems that use unicellular organisms, such as bacteria (e.g., Escherichia coli) or yeast (e.g., Saccharomyces cerevisiae), have been one of the mainstays of biological investigation and provide a potent means to assay large numbers of variants, up to B1 million, in a parallel manner in a short period of time, typically within a week or so. The challenge of using genetic methods to study ion channels in unicellular systems is that one needs to establish a robust phenotype that can be the focus of either a selection or simple assay that can constitute a screen.w Systems in which expression of an ion channel gene overcomes a specific functional deficit that allows the cell to survive some external challenge are the strongest in this regard. Alternatively, fluorescence-based methods that monitor calcium signals resulting from the activity of ion channels constitute a second productive approach. Once a microorganism-based genetic system is established, one can readily examine the properties of libraries of large numbers of mutant channels.
Libraries of mutant channels can be generated using a variety of approaches: chemical mutagenesis, 13, 14 error-prone PCR, [15] [16] [17] [18] [19] [20] [21] [22] passage of the target gene through a bacterial mutator strain, [23] [24] [25] designed mutant libraries made from synthetic oligonucleotides encoding whole gene or targeted to key gene portions, [26] [27] [28] and DNA shuffling approaches. 29, 30 The method of library generation is less important than the coverage and amount of sequence diversity that it contains. Given a good library and a robust selection or screen, one can readily find a host of interesting mutants that merit characterization by other methods. Ion channel subunits are generally medium to large sized proteins. Pore-forming subunits from members of the voltagegated channel family are predominantly in the range of 300-500 amino acids and some are as large as 2500-3000 amino acids. 31 Considering these subunit sizes and the limits imposed on the level of diversity by host organism transformation efficiencies, typically 10 5 -10 6 individual clones, none of the current mutagenesis schemes can yield libraries that contain enough mutants to sample all possible variant sequences for a given subunit. For example, a 300-residue subunit has 20 300 possible sequences, a number that surpasses all estimates of the total numbers of atoms in the universe. Given the paltry amount of sequence space that can be explored for a given subunit, one might imagine that the chance of discovering a mutation that changes function or that identifies a key functional residue by a completely blind mutagenesis approach might have little chance of success.
In spite of these seemingly insurmountable odds, there is ample evidence that the situation is not as dire as might be initially predicted. There are many experimental strategies for making the most of number limits that are inherent to the selection/screening process. An initial broad sweep in which an entire channel gene is targeted for mutation so that each position is likely to be changed at least once can lead to the identification of a particular region or set of residues that can be more intensely explored by subsequent focused libraries that more extensively test the amino acid restrictions of particular positions. For example, there are 6000 possible variants for a 300 amino acid subunit if each position is substituted with all 20 amino acids. In a well-made random library made by error-prone PCR there is a good chance that most positions would be changed to at least a few amino acids of very different chemical character and allow the investigator to uncover a few key regions that might affect function from the first pass selection or screen. Alternatively, if one has an interest in a region with known functional importance, one can directly employ focused libraries that target a particular channel element. To date, a combination of molecular evolution-selection approaches has been applied to four classes of channels: potassium channels, TRP channels, mechanosensitive bacterial channels from the MscL family, and voltage-gated calcium channels. These efforts have yielded a multitude of interesting channel mutants that have brought genuinely new insight into channel function.
Rescue of ion transport deficient microorganisms
The biggest challenge in establishing a genetic system to study a particular ion channel is to devise a situation in which activity of the channel of interest is intimately tied to cell survival or to a robust secondary assay. One powerful approach has been the use of systems in which expression of the channel of interest affects ion homeostasis. To this end, systems that rely on potassium uptake assays have been particularly fruitful.
All cells need potassium to survive. Bacteria and yeast have special uptake systems that harvest potassium from the environment. 32, 33 Deletion or inactivation of the genes responsible for potassium uptake (E. coli TK2420 34, 35 and S. cerevisiae Dtrk1Dtrk2 36,37 ) yields strains that survive when bathed in high concentrations of potassium (B100 mM) but not when subjected to low external potassium concentrations (0.5-2 mM). The activity of the plasma membrane protonATPase sets the membrane potentials of both microorganisms w Definitions: classical genetics (forward genetics), a procedure that connects a phenotype to a particular genotype; reverse genetics, identification of phenotypes that result from specific mutations in a gene of interest; selection, a protocol in which functional molecules (in this case channels) are required for cell survival or yield a toxic phenotype; screen, application of an assay to a pool of mutant channels. In a screen every mutant must be examined; GOF, gain of function; LOF, loss of function.
in a very negative range (BÀ300 mV). 38 16, 29 In these studies, a central element was the pairing of the results of the yeast selections with the biophysical characterization of channel function using electrophysiological approaches. Such correlations are essential. The power of genetic screens is that one can find interesting mutants with relative ease. The potential drawback is that one never knows all of the parameters that are actually being tested by the system. Thus, it is crucial to follow the selections or screens with extensive characterization to understand how the isolated mutants might be working. That caution aside, the combination of mutant libraries with channel selections or screens has led to the isolation of a remarkable number of new channel mutants with very interesting properties.
Selections for new activities
Many channels move between a closed state that does not conduct ions, and an open state that passes ions as the result of some type of stimulus such as ligand binding or voltage change. Such channels are excellent candidates for gain-of-function (GOF) selections and screens in which one hunts for mutations that endow the target channel with a new functional property such as activation in the absence of the normal gating stimulus. This type of GOF investigation has proven instrumental for the identification of residues that have important roles in maintaining the integrity of the closed state or in stabilizing the open state and that therefore may constitute key moving parts of the channel.
A common type of GOF selection is one in which the investigator tries to bring a non-functional channel that is closed due to the absence of activating signal to life (Fig. 1A) . In these life and death selections, only those bacteria or yeasts fortunate enough to receive a gene encoding a functional channel survive when the selective pressure is applied. Such selections are straightforward and require little sophisticated equipment. The library of channel genes is transformed into the host strain and plated under conditions where the channel is not required for survival. Subsequently, the colonies are transferred by replica plating onto plates that have selective conditions, such as low potassium, where only microbes carrying a plasmid that encodes for a functional channel survive. From these remaining colonies one can recover the plasmid, sequence the gene, retest the plasmid to verify the phenotype, and scrutinize the mutant by biophysical characterization.
GOF selection experiments have a distinct advantage as a means to find mutants that confer a new activity to the channel of interest. There are many ways a mutation can kill a channel but far fewer in which a mutational change can impart a new functionality. The types of mutations that constitute the bulk of a randomly mutated library (neutral mutations and mutations that result in channels that are non-functional due to premature stop codons, missense mutations in the active site, misfolding or faulty membrane insertion) result in cell death under selective conditions and as a consequence are readily culled from the library. After application of selective pressure, one is left with a small number of colonies, which should bear channels with increased activity. Thus, rare mutations that have strong effects on function can be found. A good example of the power of this type of selection approach was a pair of studies that aimed to isolate mutants of G-protein activated inward rectifier channels (Kir3.1 and Kir3.2) that had enhanced activity in the absence of their normal ligand, the Gbg complex. 16, 29 Independent work in the Jan and Reuveny groups identified a number of Kir3.1 and Kir3.2 mutants that suggested a crucial role for the movement and bending of the inner pore-lining transmembrane segment Under these conditions, channel function is not required for survival. After colonies are established they are replica-plated onto plates that have selective conditions in which channel activity is required for survival. All non-functional clones are lost at this step and only functional mutants remain. Path B shows the outcome when functional channels confer a lethal phenotype. In this case, all colonies survive the non-selective conditions, but only those colonies expressing active channels die on the selective plates (indicated by the red dashed circles). In both cases, recovery of the plasmid, retesting to verify phenotype, DNA sequencing to identify the mutations, and subsequent characterization by electrophysiological studies are essential.
in gating. These ideas were derived prior to the advancement of similar potassium channel gating hypotheses based on structural studies. 44 Similar GOF studies with the bacterial channel KcsA have identified mutants that increase channel opening 28 and a set of activatory mutations that cluster in the portion of the structure that is essential for maintaining the closed state. 22 A different type of GOF selection searches for mutant channels that kill the host (Fig. 1B) . This type of GOF selections is more technically challenging than GOF rescue selections as the colonies that do not survive transfer to selective conditions will be far fewer than those that do. Nevertheless, selections that look for activated channels that are lethal have proved to be an effective way to find interesting gating mutants. In one of the first reported lethal GOF screens, Loukin and colleagues uncovered gating mutants in likely pore-lining segments of the yeast potassium channel TOK1 (YKC1) that have an important role in closed state stabilization. 13 A related study of the E. coli potassium channel Kch identified GOF mutations resident in a key cytoplasmic element that is thought to control channel gating. 21 More recently, Myers et al. have used a lethal GOF screen to isolate mutants of the heat and capsaicin sensitive TRP channel, TRPV1, that increase basal activity and discovered that the pore-helix segment likely plays an important role in channel activation. 17 Instead of a selection, GOF experiments can also be conducted as a screen in which channel function is coupled to a secondary assay. One productive approach has been to use fluorescence-based detection to monitor intracellular calcium changes that are linked to the activity of the channel of interest. The Kung and Saimi groups have developed such an assay for yeast and employed it to identify mutants that increase the activity of the native yeast TRP channel TRPY1, 24 an intracellular ion channel that resides in the yeast vacuole. Expression of a calcium-sensor protein, apoaqueorin, allowed the measurement of a calcium-dependent luminescence signal resulting from the release of calcium from the vacuole into the cytoplasm through TRPY1 following osmotic shock. By screening B4000 TRPY1 mutants in a multiwell format, the investigators identified a set of mutants with increased calcium signals. Follow-up studies by patch clamp electrophysiology showed that the mutants have increased activity and identify key elements of the pore domain that are excellent candidates for part of the channel gate. 23, 24 Genetic selections have also been important for isolating interesting mutants of a bacterial mechanosensitive ion channel MscL. 45 Two different approaches have been reported: one looked for GOF mutants that impair host growth, 14, 25 and the other used dyes that allow one to asses cell viability following an osmotic challenge 20, 46 and that could distinguish GOF and loss of function (LOF) mutants by exploiting differences in vital dyes, propidium iodide and SYTO 9, that report on cell viability. One important difference highlighted by these MscL studies is that screens, while powerful, are still more labor intensive and limited in scope than selections. The vital dye screen examined B400 mutants whereas the functional selections were able to sort through two orders of magnitude more mutants (B50 000) and correctly identify a residue that is centrally important for maintaining the integrity of the closed state. 14, 45 High throughput functional screens A different way to deploy the power of reverse genetics is to establish a screen in which particular functional properties of a large number of mutants can be measured in cultured mammalian cells. By coupling calcium imaging in transfected mammalian cell lines with studies of channels that are both temperature and ligand gated, TRPM8 18 and TRPV3, 19 the Patapoutian lab was able to examine pools of B14 000 mutants of each channel and isolate mutants that displayed selective alterations in either ligand or thermal sensitivity. Together with the TRPV1 study, 17 the results of screening of TRPM8 and TRPV3 channel mutants indicate that at least some of the activation modes of TRP channels can be uncoupled (ligand vs. temperature, protons vs. ligand). Even though the exact molecular mechanisms remain to be resolved, these studies provide further examples of the power of unbiased screens as in all three cases the investigators identified key regions of the channels that are likely to be important for gating responses.
Taken together, the results from these varied investigations of different channel types demonstrate that genetic screens of a modest number of mutants (in the thousands to 10 000s) can be an exceptionally productive means to uncover mutants that identify key elements that are likely to be core elements of the gating mechanism. This linkage is further reinforced by the cases where activating mutants reside in essential gating elements that are characterized by high-resolution structural studies. 16, 21, 28, 29 Overall, the relatively high frequency with which GOF mutants occur in ion channels bodes well for future screens for other channels as it appears that one does not have to rely on sifting through massive numbers of mutants to find interesting and informative ones.
Feeling around in the dark-random mutagenesis and selection as a means for defining architectural elements and testing protein-protein interactions
Many membrane proteins are assembled from helical bundles that are largely perpendicular to the membrane. This situation facilitates the use of extensive mutagenesis as a means to derive constraints that inform ideas about membrane protein architecture. Patterns of the physicochemical properties of allowed amino acid substitutions at specific positions can be used to identify secondary structures, lipid-facing residues, and protein-protein interaction surfaces. Such indirect structural analysis of membrane proteins has a long history best exemplified by the work done on the transmembrane dimer glycophorin. [47] [48] [49] Access to a genetically tractable system enables another powerful type of experiment that can yield structural constraints, the search for intragenic suppressors that rescue a defect that destroys channel function (Fig. 2A) . The strength of the approach is that in the complete absence of structural data one can identify residue pairs that are functionally coupled. The search for suppressors can also be enlightening when set in the context of testing a structural model as one can focus the mutagenesis efforts towards candidate segments that might interact. Work on structurally well-characterized systems indicates that, in general, suppressor pairs are the most effective at restoring protein function when the suppressor lies in close proximity to the original perturbation. 50 While it is not strictly necessary for suppressor and defect mutations to interact directly to restore function, second site suppressor experiments can provide constraints that can vet models for how transmembrane segments might be arranged.
Based on a genetic selection that characterized large numbers of mutant channels, analysis of transmembrane amino acid substitution patterns together with second site suppressor experiments was used to probe the transmembrane architecture of the mammalian inward rectifier Kir2.1. This study established the overall helix packing arrangement of mammalian inward rectifiers, 26 which was subsequently validated by crystallographic studies, 51 and uncovered an intrasubunit intramembrane hydrogen bond that is essential for channel assembly. Suppressor studies have also given important insight into regarding residues that may interact in the open state of MscL. 25 The most extensive use of suppressors to extract functional constraints comes from a combined modeling-selection study on the hyperpolarization activated channel KAT1 that helped to establish the likely range of voltage sensor motion. 15, 52 These studies complement the ongoing crystallographic work in the field and provide new ideas for testing key questions about what sorts of conformational transitions underlie channel gating.
Selections and libraries meet channel blockers-second site suppressor to map sites and mechanisms of action
There are many diverse classes of ion channels that are now known from extensive gene characterization efforts. Unfortunately, the ability to identify ion channel genes has far surpassed the ability to define novel pharmacological agents for particular channels. Consequently, many ion channels have poor to no pharmacology. This situation limits the ability of investigators to make the connections between a particular ion channel gene and its exact biological function. Thus, one of the key challenges for ion channel research is to develop means to identify new agents that can control channel activity. Genetic selections offer a novel, unbiased way to identify channel-modifying compounds. A number of studies have used the Dtrk yeast system to screen for and map the sites of action of ion channel blockers. Studies by Zaks-Makhina and colleagues identified a novel potassium channel blocker using a yeast genetic screen based on Kir2.1 rescue. Surprisingly, the compound turned out to be a better inhibitor of the voltagegated potassium channel Kv2.1, 53 a result that may be related to the high degree of structural conservation present in potassium channel pore domains. 54 Identification of a new channel modulator is only a first step. One of the immediate questions that a researcher faces once a new channel blocker or activator is identified is: 'How does the compound act?' The use of genetic selections to find suppressors of channel blockers is a potent approach for addressing this question as one demands two stringent criteria: the channel must become insensitive to the blocker as a result of the mutational change but still function as an ion channel ( Fig. 2B and C) . My laboratory used a combination of blocker screening and the selection of blocker resistant mutants from pore-domain libraries to examine whether the selection system would be a fruitful way not only to find blockers but also to map their sites of action. 27 By focusing on the well-known potassium channel blocker barium and selecting for barium resistant Kir2.1 channels, we uncovered an unusual mutation located very near the barium binding site that could make the channels resistant to the blocker without perturbing other functional properties. The mutation placed a positively charged residue in close proximity to the ion conduction pathway at a position that should effectively cancel any effects from a putative helix macrodipole that was thought to be important for ion conduction. 55 Extensive biophysical characterization and computational studies established that the barium resistance was electrostatic in origin and showed that the helix macrodipole could not be an important factor for ion conduction. Recently, an elegant set of studies reported the identification and characterization of a new voltage-gated calcium channel blocker through the use of a genetic selection based on the roundworm Caenorhabditis elegans. 56, 57 Roy and colleagues initially searched a B14 000 compound library for new small molecules that could be used to explore the biology of C. elegans. One of the B300 hits yielded a novel compound, nemadipine-A, that caused a variety of growth and egg-laying defects in the worms. Nemadipine-A is related to the class of drugs known as 1,4-dihydropyridines (DHPs) that affect voltage-gated calcium channel function and are used to treat hypertension. Subsequent studies for suppressors of nemadipine-A activity identified the target as the sole C. elegans voltage-gated calcium channel a 1 -subunit, This channel is homologous to the human L-type Ca V 1 family. Ca V 1 subunits are large (B2500 amino acids) and might seem to be an unlikely candidate for a productive unbiased screen. Nevertheless, a follow-up study in which chemically mutagenized worms were used to look for suppressors of nemadipine-A identified a number of mutants in the worm Ca V 1 channel. 57 Remarkably, the mutants identified eleven residues that had been previously shown to be critical for DHP binding in mammalian Ca V 1 channels and a new set of eight mutants at previously uncharacterized positions. When tested in the context of the electrophysiologically well-characterized rat Ca V 1.2 channel, six of the novel mutants altered DHP sensitivity and convincingly demonstrated the potential for using this system as a means for finding new important elements of drug sensitivity and channel gating. The set of studies by Roy and colleagues is a fantastic demonstration of the power of organism based genetic screens to identify novel small molecules and to gain important and unexpected insights into the mechanism of action. Together, the yeast and wormbased channel blocker identification and suppressor studies establish important proof-of-concept examples that will hopefully inspire further development of channel selection systems that can further enrich channel pharmacology and extend our understanding of drug-channel interactions.
In vitro evolution methods and channels, breaking over the horizon The evolution of new traits that arise from the combination of individual variation in a population and application of selective pressure is the fundamental principle that underpins all of modern biology. This principle is not limited to living biological systems but can also be harnessed to shape molecules. In vitro evolution experiments have been among the most powerful ones deployed by biochemists for finding molecules with novel properties and have been a robust area of biochemical research with a more than 40 year history. 58 These experiments use Darwinian selection to cull polynucleotides or polypeptides having novel properties from large libraries of variants through multiple rounds of competition, selection, and amplification (Fig. 3) . One major advantage of in vitro evolution methods is that one can access exceptionally large libraries that contain up to 10 13 -10 15 unique molecules. The main in vitro evolution technologies focus on the two types of biopolymers that have well-known sequence-dependent folding and self-assembly properties: oligonucleotides, both DNA and RNA, and peptides and proteins. Nucleic acid polymers have the advantage that the molecule contains both the information for folding and the information for direct amplification (using enzymes). Peptide and protein display methods require a means to link the functional molecule (the polypeptide) with the information required for directing its synthesis (a piece of DNA). A wide variety of in vitro evolution systems that link coli. The amplified library of recovered variants is then used in a second round of selection, steps VI through VIII. IX: progress of the experiment is usually monitored by sequencing some fraction of the selected clones. As the cycles of selection progress, the sequence variation of the library should decrease. Once the rounds of selection are finished (generally three-ten rounds), the selected peptide or protein product is made and characterized. In outline, the depicted selection cycle is similar to the procedures used for in vitro selection of nucleic acid aptamers by SELEX. B, left, comparison of a-BXT binding peptides discovered using phage display and subsequent design (HAP) with the sequences of the binding site from the channel (AChR) and AChBP. IC 50 values for blocking a-BXT binding to AChR. C, comparison of the structure of the backbone and Cb positions of the HAP peptide from the HAP-a-BXT complex (red) and AChBP residues (blue). Panels B and C are adapted from ref. 74. these two together using bacteriophage, [59] [60] [61] ribosome display, [60] [61] [62] and mRNA display [61] [62] [63] are now widely used. All of these methods work best when they are directed against a purified target. As the expression, purification, and biochemical isolation of ion channels is still not routine these technologies have not yet been fully harnessed in the service of studying ion channels. Nevertheless, it has been demonstrated that one can run selections using membranes or cells that bear the target receptor to isolate target-specific polymers. Thus, the ability to isolate a purified target is not absolutely essential.
Aptamers are nucleic acid polymers that act as high-affinity binders for a particular target, 64 such as a protein or small molecule, and are evolved by an in vitro selection method SELEX (systematic evolution of ligands by exponential enrichment). 65 The concept is straightforward. One starts with a large library of randomized nucleic acid sequences flanked by fixed sequences that can be used for enzymatic amplification. Typically, aptamer libraries are made from DNA or RNA polymers of 20-100 nucleotides and can contain up to a trillion unique members. The library is then subjected to a selection procedure that involves incubation with the target, some procedure to separate the bound from unbound molecules, and capture of the few molecules that bind. Following recovery, binders are amplified, for example by PCR, and the process is repeated multiple times in order to isolate sequences that have a high-affinity interaction with the target. One of the biggest challenges with such approaches is coming up with a good strategy to squelch the background binding. Successful approaches include elution by competition with a known ligand of the target or counterselections against decoy targets to eliminate background binders.
A number of groups have succeeded at evolving channeldirected nucleic acid aptamers by employing approaches that target a channel that is not a purified protein, but that is presented in a cell membrane environment. The Hess group has used the fact that the Torpedo electric organ is an exceptionally enriched source of nicotinic acetylcholine receptors (nAChRs) and conducted SELEX experiments using a combination of gel-shifts and high-affinity binder displacement experiments to isolate aptamer sequences that bind to nAChRs and inhibit AChR activity in isolated muscle cells. 66, 67 A similar approach using picrotoxin displacement of aptamers from rat forebrain preparations has led to the isolation of RNA aptamers that bind GABA A receptors with nanomolar affinity and inhibitory activity against heterologously expressed channels. 68 The apparent success at isolating aptamers that are specific for a target displayed in a very heterogeneous environment indicates that there may be a great potential for using similar approaches for other ion channels.
To date, few of the ever-growing numbers of channels and channel domains that have been purified and expressed for crystallographic studies have been exploited as selection targets. This situation is starting to change. Two recent reports make use of the soluble, ligand-binding extracellular domain of the glutamate receptor subtype GluR2 in SELEX experiments that are no doubt a harbinger of the near future of this exciting area of research. The Niu group has recently reported the isolation of an RNA aptamer having nanomolar affinity for GluR2 by using SELEX on HEK cells that expressed glutamate receptors following transient transfection. 69 The authors show that the RNA aptamer can inhibit channel function and also characterize its binding properties against the soluble version of the GluR2 extracellular domain. In an approach that exploited binding to the structurally well-characterized S1/S2 soluble domain, 70 the Jayaraman group was also able to isolate an RNA aptamer that is a competitive antagonist of GluR2 and that displays subtype specificity as it is inactive against the related glutamate receptor GluR6. 71 Together, these reports highlight the exciting possibilities for developing novel molecules that may prove useful for studies of ion channel function.
Phage display libraries offer a useful platform for the isolation and evolution of peptides and proteins with unique properties (Fig. 3A) . In this format, randomized sequences are displayed in the form of fusion proteins that are linked to particular phage coat proteins. Such formats have been extremely useful for the evolution of antibodies 59 and antibody-like molecules. 72 Selection involves binding, washing, and elution steps having the same possible pitfalls of non-specific binding as the SELEX experiments. Library construction and phage amplification and propagation are done through steps that require E. coli and as a result the library sizes are a good deal smaller than what one can work with in SELEX (the best being 10 9 ). Nevertheless, recent work shows that this is not a serious limitation as specific molecules have been evolved that can bind a variety of targets.
a-Bungarotoxin (a-BXT) is a peptide toxin found in elapid snake venom and is a potent inhibitor of nAChRs (EC 50 E 10 À11 M). Using phage display of random fifteen residue peptides, Fuchs and colleagues identified a peptide that bound to a-BXT with micromolar affinity, could prevent toxin binding to the receptor, and that had a sequence that resembled the sequence found in the agonist binding site 73 (Fig. 3B) . By incorporating a few amino acid changes, the investigators were able to turn this lead peptide into one having almost two orders of magnitude higher affinity for a-BXT. Comparison of the structure of a designed higher affinity version of the a-BXT inhibitory peptide complexed with a-BXT and the conformation of the agonist binding loop of a soluble homolog of the extracellular domain of nAChR revealed a remarkable structural similarity 74 ( Fig. 3C) . This work provides an elegant example of the power of phage display to discover new reagents and new biological insights. Peptides such as these that are discovered by phage display may prove to be particularly useful new reagents for controlling channel function.
The types of protein and peptide molecules that can be displayed on phage are enormous. Peptide toxins from the venoms of snakes, insects, and marine snails have been indispensable for ion channel research and have even led to new therapeutics. [75] [76] [77] It may be possible to display libraries of these types of molecules on a phage and evolve new toxins with altered specificities or that interact with ion channels that presently lack such modulators.
Conclusions and perspectives
The use of genetic selections in cellular and in vitro systems is becoming an important strategy for dissecting the ion channel functional mechanisms and holds great promise for the discovery of new biopolymers and small molecules that affect channel function. The initial reports using in vitro evolution experiments to develop channel-directed reagents offer a promising view of the types of applications that are well within reach for a variety of targets. As more and more channels and channel domains are produced for structural studies, one natural byproduct is likely to be the use of phage or RNA display methods to create new agents. Such applications offer an exciting new avenue for the intersection of channels and molecular evolution methods.
Finally, one wonders how far such laboratory-based evolution experiments can be pushed. One intriguing question is how did nature invent the various folds that became the ion channels we now know. The microorganism-based channel selection methods have thus far only been used to explore questions about the structure gating properties of existing channels. The application of molecular evolution approaches has yielded exciting new prospects for evolving soluble proteins with new functions. 78 One can anticipate that similar exciting discoveries await those who can develop a system for it allows the directed evolution of ion channels with completely new functions or the evolution of an ion channel from scratch. Such research directions would greatly enhance our ability to turn channels into novel devices and to address fundamental questions regarding ion channel evolution.
